During the peeling and processing of yacon, the freshly cut surface undergoes rapid browning. This can be related to its phenolic compound contents and the activity of the endogenous polyphenol oxidase (PPO, E.C.1.14.18.1), the main enzyme involved in enzymatic browning of yacon (Padilha et al., 2009; Santana & Cardoso, 2008) . In the presence of molecular oxygen, PPO catalyzes the o-hydroxylation of monophenols to o-diphenols and oxidation of the o-diphenols to o-quinones. Quinones are electrophilic highly reactive molecules that can polymerize leading to the formation of brown or black pigments. This undesirable darkening due to enzymatic oxidation of phenols generally affects nutritional quality and appearance and reduces consumer acceptability of fresh processed products (Lin et al., 2010) .
Enzymatic browning in fruits and vegetables can be prevented by adding anti-browning agents such as sulfites, ascorbic acid, and cysteine. The most widespread agents used for control of browning are sulfiting agents. Although the sulfites are very effective and inexpensive, they can be dangerous to human health, especially in asthmatic patients. There is increasing concern regarding allergic reactions to sulfites in certain individuals. Due to adverse health effects, there has been growing interest in the use the non-sulfite anti-browning agents to replace sulfites preservatives (Holzwarth et al., 2012; Ozoglu & Bayindirli, 2002) . A combination of non-sulfite anti-browning agents can be used to preserve fresh processed products.
The control of enzymatic browning during processing is very important to preserve the appearance of yacon flour. Some bakery products, such as cakes and breads (Moscatto et al., 2006; Rolim et al., 2011) , have been prepared using yacon flour as raw material. Yacon flour has been considered a food with prebiotic potential because of the high levels of fructooligosaccharides, which allows for its use in formulation of various foods (Rodrigues et al., 2012) . In this study, the use of combinations of anti-browning agents (ascorbic acid, cysteine, and citric acid) was investigated in an attempt to find the most effective treatment to inhibit enzymatic browning of yacon flour. Moreover, the chemical composition of yacon flour was evaluated.
Materials and methods

Fresh yacon roots and preparation of crude enzyme extract
tested included ascorbic acid (Vetec  ), citric acid (Synth  ), and L-cysteine (Vetec  ). The coded and non-coded levels of each anti-browning agent tested are shown in Table 1 .
The design comprised a total of 17 experimental trials that included eight trials for factorial design, six trials for axial points, and three trials for the replication of the central points. The significance of the model was verified applying the analysis of variance (ANOVA) combined with the Fischer test to evaluate whether a given term has a significant effect (p < 0.05). Additionally, the R 2 value was calculated to measure the goodness of fit of this regression model. The relationships between the inhibition of enzymatic browning and the effect of combined anti-browning agents were represented in the form of 3D response surface plots. The statistical package software Statistica version 7.0 (StatSoft, USA) was used in the ANOVA analysis and to generate the contour curves.
For the experiments, yacon roots were washed, peeled, and sliced. The yacon slices were dipped in test solutions for 10 min. The concentrations of the anti-browning agents in the test solutions were adjusted according to the experimental design. After 10 min, the yacon slices were removed from the test solutions and crushed using a blender. The mixture was centrifuged at 10.000 rpm for 20 min. at the temperature of 4 °C, and the supernatant was used for enzymatic activity measurements.
Yacon flour processing
For the processing of yacon flour, the yacon roots were washed, peeled, and sliced. The yacon slices were dipped in an aqueous solution containing a combination of anti-browning agents: ascorbic acid 15.0 mM, L-cysteine 10.0 mM, and citric acid 7.5 mM for 20 min. They were subsequently removed from the anti-browning solution and dried in an air circulating drying oven with at 50 °C for 2 days. The dried material was then milled using a multiprocessor to obtain the flour. The flour was then vacuum-packed in plastic bags and stored in a dry place.
Chemical characterization of yacon flour
The ash content was determined by calcination in a muffle furnace at 550 °C, model EDGCON 3P 3000 (EDG Equipments, São Carlos, SP, Brazil) to constant weight. Moisture content was determined by drying in a stove at 105 °C for 4 hours to constant weight (Association of Official Analytical Chemistry, 2006). Total nitrogen was determined by the micro-Kjeldahl method, and the nitrogen content was converted into crude protein by multiplying by the conversion factor of 5.75 (Association of Official Analytical Chemistry, 2006) . Total lipids were determined by the Bligh & Dyer (1959) method. The total were produced in the municipality of Botucatu, SP. The roots were selected for their good appearance and sanity, washed under running water, and treated with a sodium hypochlorite (200 ppm) solution for 15 minutes. In order to obtain the enzyme extract, about 40 g of peeled and sliced yacon containing 1% polyvinylpyrrolidone (PVP) were homogenized in 40 mL of 0.05 M phosphate buffer, pH 7.0, using a blender for 2 min. The mixture was centrifuged at 10.000 rpm for 20 min. at the temperature of 4 o C. The supernatant was used as crude enzymatic extract.
Enzyme activity determination
PPO activity was determined by measuring the rate of increase in absorbance at 420 nm, as described by Lima et al. (2001) with modifications. The reaction mixture consisted of 2.9 mL of substrate solution (0.01 M catechol in 0.1 M phosphate buffer pH 7.0) and 0.1 mL of enzyme solution, at 30 °C. Catechol was purchased from Sigma-Aldrich  . The blank sample contained 2.9 mL of substrate solution and 0.1 mL of phosphate buffer. The increase in absorbance at 420 nm was recorded for 5 min. One unit of enzyme activity (U) was defined as the amount of the enzyme that caused an increase in absorbance of 0.001 per minute per mL.
Effect of pH and temperature
Optimum pH for PPO activity was determined in a pH range of 3.0 a 10.0 with buffers at concentration of 0.1 M, and catechol was used as a substrate at 0.01 M. PPO activity was assayed using the standard reaction mixture but changing the buffer. The buffer systems used were citrate phosphate buffer for pH 3.0, 4.0, and 5.0; phosphate buffer for pH 6.0, 7.0, and 8.0; borate boric acid buffer for pH 9.0; and NaOH borate buffer for pH 10.0. The optimal temperature was determined by measuring PPO activity under standard conditions using catechol 0.01 M in 0.1 M phosphate buffer pH 7.0 as a substrate in the temperature range from 10 °C to 90 °C. The standard reaction mixture, without the enzyme, was heated to the appropriate temperature in a water bath. After the reaction mixture had come to equilibrium at the selected temperature, the enzyme was added and the enzyme activity was measured.
Response Surface Methodology (RSM) and experimental design
In the statistical experiment, a two level rotatory central composite design (2 3 -RCCD) was used with RSM (Barros Neto et al., 2007) to investigate the effect of three independent variables (anti-browning agents) on the inhibition of enzymatic browning (dependent variable). The anti-browning agents Table 1 . Coded and non-coded levels of the experimental variables. and 90 °C. In general, short exposures to temperatures between 70 °C and 90 °C in the tissue are, in most cases, adequate for partial or complete inactivation of PPO (Unal, 2007) . However, most fruits and vegetables are heat sensitive, and consequently, high-temperature treatments are inevitably accompanied by losses of texture, color, flavor, and nutritional quality. It has been reported that the optimum temperatures for PPO of peach (Dincer et al., 2002) , grape (Dincer et al., 2002) , banana (Unal, 2007) , and lettuce (Gawlik-Dziki et al., 2008) are 20, 25, 30, and 35 °C, respectively.
Effects of anti-browning agents on inhibition of PPO activity
The effect of the combinations of ascorbic acid, citric acid, and L-cysteine on the inhibition of enzymatic browning of yacon was evaluated by response surface methodology. The experimental results (enzyme activity) for each of the responses are shown in Table 2 . The lower PPO activities were obtained in the experiments 6 (148 U) and 8 (134 U), in which the ascorbic acid and L-cysteine were at +1 concentration level. Experiment 13, without L-cysteine, showed the highest enzyme activity (336 U).
L-cysteine has been shown to be an effective PPO inhibitor. L-cysteine prevents browning by reacting with o-quinones to produce stable and colorless products, but high concentrations produce undesirable odor. Citric acid has also been reported to effectively inhibit PPO. Its inhibitory effect is due to the chelation of copper located at the active site of PPO and lowering of the pH (Holzwarth et al., 2012) . Ascorbic acid reduces the o-quinones enzymatically formed, which polymerize to produce brown pigments and delay browning, without affecting the enzymatic activity. The effect of ascorbic acid can be considered temporary because it is oxidized irreversibly by the reaction with pigment intermediates, endogenous enzymes, and metals such as copper (Tortoe et al., 2007) . Table 3 presents the effects of the independent variables on the enzyme activity. As can be seen, the linear main effects of ascorbic acid, citric acid, and L-cysteine produced significant and negative effects in the studied range of 95% (p<0.05) confidence level. L-cysteine was the anti-browning agent with the highest effect on the inhibition of yacon PPO. These results indicate that an increase in these parameter values, within the range studied, leads to a lower PPO activity.
The statistical evaluation of the model was performed by the Fisher's test, obtained from analysis of variance (ANOVA), whose results are shown in Table 4 . Based on the F test, the model is significant at 95% confidence level since its F experimental value is higher than the F tabulated value. The R-square value (coefficient of determination) provides a measure of how much of the variability observed in the response values could be explained by the experimental factors and their interactions. A good model can explain most of the variations in the response, and the closer the R-square value is to 1.0, the better are the response predictions. In the present study, the adequacy of the model was obtained with a satisfactory coefficient of determination (R 2 = 0.87).
carbohydrates content was calculated by the subtraction of the sum of the crude protein, total fat, ash and moisture. Reducing sugars were determined using the 3,5-dinitrosalicylic acid method (Miller, 1959) . The total fructose was determined by the modified Antrona method (Jermyn, 1956 ). The FOS content was calculated by the difference between total fructose and reducing sugars. The total phenolic compounds were determined by the Folin-Denis method (Folin & Denis, 1912) . Each parameter was analyzed in triplicate. The results were expressed as mean ± standard deviation of the independent determinations.
Results and discussion
Effects of pH and temperature on PPO activity
The crude enzymatic extract of yacon showed PPO activity of 530 U using catechol 0.01 M in 0.1 M phosphate buffer, pH 7.0, as a substrate at 30 °C. As seen in Figure 1 , the optimum pH of the enzyme was found to be 7.0. In general, most plants show maximum PPO activity at or near neutral pH values (Mdluli, 2005) . For example, it has been reported that the following optimum pH values: 7.0 for ferula leaf (Erat et al., 2006) , 7.0 for marula fruit (Mdluli, 2005) , and 6.0 for bayberry fruit (Fang et al., 2007) . Unal (2007) reported that the optimum pH for maximum PPO activity in plants depends on the purity of enzyme, the type of buffer used, and the substrates used for assay. the lower PPO activities can be obtained using the highest concentrations of anti-browning agents tested: L-cysteine (10.0 mM), citric acid (7.5 mM) and ascorbic acid (15.0 mM).
Although the results indicate that there is a tendency towards a higher inhibition of enzymatic browning of yacon when a higher amount of anti-browning agents is used, it should be noted that the anti-browning agents used in this study affected the sensory food properties at higher dosages. The differences in the mechanism of inhibition of PPO by the different anti-browning agents may allow their use combined at lower concentrations, which can result in an effective control of enzymatic browning. Such combination at lower concentrations is important for the preservation of the sensory properties of After the ANOVA analysis and validation of the study parameters, a model that represents the real relationship between the enzyme activity and the independent variables was established (Equation 1). Y = 250 -4.82.X 1 -36.25.X 1 2 -3.00. X 2 -5.78. X 2 2 -36.80. X 3 -5.20. X 3 2 + 6.00. X 1 . X 2 -17.00. X 1 . X 3 + 9.00. X 2 . X 3
where Y is the predicted response for enzyme activity, and X 1 , X 2, and X 3 are the coded values for ascorbic acid, citric acid, and L-cysteine, respectively.
The contour curves, presented in Figure 3 , illustrate the interactive effects of the anti-browning agents on inhibition of enzymatic browning of yacon. As can be observed in Figure 3 , Table 2 . Factorial central composite design matrix (23-FCCD) and the experimental results (enzyme activity). ) was similar to that obtained by Rodrigues et al. (2012) According to Campos et al. (2012) , variability in FOS content has been related to the endogenous activity of enzymes involved in the synthesis and hydrolysis of FOS in yacon roots. Synthesizing enzyme activities were always higher in rhizophores than in the tuberous roots, while hydrolyzing enzyme activity predominated in the latter. According to Santana & Cardoso (2008) , studies have shown that soon after harvest, there is rapid enzyme hydrolysis of the FOS into simple sugars (glucose, fructose, and sucrose), indicating that to obtain maximum benefit from the FOS, yacon should be consumed soon after harvest.
Another great advantage of yacon roots is its content of phenolic compounds. Phenolic compounds are related to the ability to have antioxidant activity and to prevent the development of cardiovascular diseases and cancer (Campos et al., 2012) . The content of phenolic compounds obtained in this study was 1.35 g.100 g -1 . Campos et al. (2012) evaluated the content of phenolic compounds in 35 different yacon accessions, and the results of phenolic compounds, expressed in dry matter, varied from 0.70 to 3.08 g of chlorogenic acid equivalents.100 g -1 . According to Santana & Cardoso (2008) , compared to other roots, yacon have high levels of phenolic compounds, about 0.2 g.100 g -1 of fresh pulp, and it can be compared to some beverages rich in phenolic compounds such as a cup of coffee (0.2-0.5 g) or a cup of tea (0.15-0.2 g).
Conclusions
Response surface methodology was applied to determine the effect of the combinations of ascorbic acid, citric acid, and L-cysteine on the inhibition of enzymatic browning of yacon. The yacon pulp pre-treated with anti-browning agents at the concentrations of 15.0 mM of ascorbic acid, 7.5 mM of citric acid, and 10.0 mM of L-cysteine was used in the processing of yacon flour, which presented an adequate control of yacon flour. Therefore, the combination chosen for processing yacon flour was the highest concentrations of the anti-browning agents tested in this study: L-cysteine (10.0 mM), citric acid (7.5 mM), and ascorbic acid (15.0 mM).
Processing and chemical composition of yacon flour
The yacon flour prepared from the dried pulp of yacon, previously treated with anti-browning agents at the concentrations of 15.0 mM for ascorbic acid, 7.5 mM for citric acid, and 10.0 mM for L-cysteine showed an attractive color, no residual aroma, and adequate control of enzymatic browning. The chemical analyses of yacon flour were performed 2 days after processing, and the averages of the triplicate results of the chemical analyses are shown in Table 5 .
Yacon flour had low mean moisture value, 8.86 g.100 g -1 .
According to Brazilian legislation (Brasil, 2005) , flours should contain a maximum of 15.00 g.100 g -1 of moisture. The mean values per 100 g of moisture (8.86 g), proteins (4.34 g), ash (2.31 g), and carbohydrates (82.38 g) for the yacon flour obtained in this study were similar to the results obtained by Moscatto et al. (2006) ), and it can be considered as a potential functional food, arousing interest for its use in the formulation of various foods such as cakes and breads.
